Monocytes and macrophages are the cell types most commonly associated with the innate immune response against Candida albicans infection. Interactions between the host immune system and Candida organisms have been investigated for planktonic Candida cells, but no studies have addressed these interactions in a biofilm environment. In this study, for the first time, we evaluated the ability of C. albicans to form biofilms in the presence or absence of adherent peripheral blood mononuclear cells (PBMCs; enriched for monocytes and macrophages by adherence). Our analyses using scanning electron and confocal scanning laser microscopy showed that the presence of PBMCs enhanced the ability of C. albicans to form biofilms and that the majority of PBMCs were localized to the basal and middle layers of the biofilm. In contrast to the interactions of PBMCs with planktonic C. albicans, where PBMCs phagocytose fungal cells, PBMCs did not appear to phagocytose fungal cells in biofilms. Furthermore, time-lapse laser microscopy revealed dynamic interactions between C. albicans and PBMCs in a biofilm. Additionally, we found that (i) only viable PBMCs influence Candida biofilm formation, (ii) cell surface components of PBMCs did not contribute to the enhancement of C. albicans biofilm, (iii) the biofilm-enhancing effect of PBMCs is mediated by a soluble factor released into the coculture medium of PBMCs with C. albicans, and (iv) supernatant collected from this coculture contained differential levels of pro-and anti-inflammatory cytokines. Our studies provide new insight into the interaction between Candida biofilm and host immune cells and demonstrate that immunocytes may influence the ability of C. albicans to form biofilms.
The use of central venous catheters in current therapeutic practice has been found to be responsible for more than 70% of bloodstream and deep-tissue infections (48) . Candida species have emerged as the fourth most common cause of nosocomial bloodstream infections (50) , with a significantly high attributable mortality (49% to 71%) (14, 15) . Most of these infections involve colonization of microorganisms on catheter surfaces where they eventually become embedded in a biofilm. These biofilms are associated with high antifungal resistance and can persist on infected sites, acting as a nidus of infection (11) .
Candidiasis is most commonly manifested among immunocompromised patients, and components of the host immune response mechanisms play an important role in Candida pathogenesis. The ability of a fungal pathogen like Candida to cause infection is dependent on its ability to overcome the host immune response and is regulated by modulating the levels of pro-and anti-inflammatory cytokines (6, 12, 22, 29, 30) .
Biofilms represent an entirely distinct ecological niche for Candida, with a resistance and growth phenotype that is drastically more altered than its planktonic (free-floating) form. The field of study of C. Candida albicans biofilms has focused mostly on model development and characterization, together with antifungal drug resistance, with little attention to the effects on immunity. Since biofilms that form on indwelling medical devices (e.g., intravascular catheters) are the predominant growth form on these catheters and since these biofilms are constantly exposed to serum factors and host immune cells, the interactions occurring between immune cells and Candida biofilms are expected to be unique or substantially different from the corresponding interactions with planktonic cells. Candida spp. have been shown to have immunomodulatory activity mediated by fungal factors, including mannan and glycoproteins, mannoprotein constituents of the cell wall, and surface antigens (5, 9, 40, 47) . Although interactions occurring between the host immune system and Candida have been investigated in some detail for planktonically grown Candida cultures (reviewed in references 31, 33, 34, 35, and 38) , no information is currently available for such interactions in a biofilm environment.
Monocytes/macrophages are the cell types most commonly associated with the innate immune response against C. albicans infection, and they produce a variety of soluble factors, including cytokines and chemokines, in response to microorganisms (43) . Therefore, we hypothesized that adherent peripheral blood mononuclear cells (PBMCs; enriched for monocytes and macrophages by adherence) influence the ability of C. albicans to form biofilms. To test this hypothesis, we evaluated the ability of C. albicans to form biofilms in the presence or absence of adherent PBMCs using scanning electron microscopy (SEM) and confocal scanning laser microscopy (CSLM) techniques. We also tested whether the interaction between Candida biofilm and PBMCs is dependent on the cell surface or on secretory soluble factors. Finally, we investigated whether interactions between Candida and PBMCs lead to a differential production of cytokines by PBMCs. Our studies demonstrated that (i) interactions of Candida biofilms with PBMCs are unique to this growth mode compared to those of planktonically grown Candida cells, (ii) the ability of PBMCs to enhance C. albicans biofilm formation is associated with a soluble factor(s) present in the biofilm-PBMC culture supernatant, and (iii) this supernatant contains differentially expressed levels of pro-and anti-inflammatory cytokines.
MATERIALS AND METHODS

Organisms.
A green fluorescent protein (GFP)-tagged C. albicans strain (a generous gift from B. Cormack, Johns Hopkins University) was used in this study. This system is based upon the plasmid pGFP, which contains the yeastenhanced green fluorescent protein (yEGFP) cloned from the basal C. albicans ADH1 (CaADH1) promoter and the Saccharomyces cerevisiae CYC1 (ScCYC1) terminator on an integrating vector (10) . C. albicans cells were grown overnight at 37°C in yeast-peptone-dextrose medium (Difco Laboratories, Detroit, MI) supplemented with 50 to 100 g/ml uridine. Cells were harvested, washed with phosphate-buffered saline, and standardized to 1 ϫ 10 7 cells/ml. Biofilm formation. Biofilms were formed on silicone elastomer (SE) discs using our catheter-based in vitro model described previously (7) . Briefly, SE discs (12-mm diameter) were precoated with fetal bovine serum (FBS) and immersed in 4 ml of a standardized C. albicans cell suspension (1 ϫ 10 7 cells/ml) for 90 min to allow adhesion of fungal cells to the substrate. The catheter disc containing adhered Candida cells was then placed in fresh yeast nitrogen base medium in a 12-well tissue culture plate and allowed to form mature biofilms. Biofilms were quantified by a tetrazolium-salt-based assay {2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (XTT) assay} as described previously (7) . Planktonic cells were grown similarly in tissue culture plates with the difference that no catheter discs were present.
Isolation of adherent human PBMCs. To examine the interactions between host immune cells and Candida biofilms, PBMCs were extracted from peripheral blood as described previously (39, 40) . Briefly, the collected blood was diluted (1:1) with Hanks' balanced salt solution (HBSS; Mediatech Inc., Herndon, VA), and 30 ml of this diluted blood was layered on a Histopaque density gradient (Sigma-Aldrich, St. Louis, MO) and centrifuged at 1,500 rpm for 40 min at 24°C. The buffy coat containing PBMCs was collected in HBSS supplemented with 1% FBS (HBSS/1% FBS) and centrifuged for 10 min at 4°C (1,500 rpm). The cell pellet was washed twice with HBSS/1% FBS by centrifugation at 1,500 rpm. Washed cell pellets were resuspended in complete medium containing RPMI medium and FBS supplemented with penicillin, streptomycin, and L-glutamine (Mediatech Inc., Herndon, VA) and incubated at 37°C for 60 min in a 5% CO 2 incubator. Nonadherent cells (mainly T cells) were removed, and all adherent cells were gently scraped to harvest the cells. These cells were added to HBSS/1% FBS and washed twice as described above. Cells were counted, and 2 ϫ 10 6 cells were used for mixed yeast-PBMC culture studies. Staining of extracted PBMCs. To visualize live, metabolically active PBMCs, the isolated PBMCs were stained with Mitotracker Deep Red 633 dye (Invitrogen, Carlsbad, CA), which targets the intracellular mitochondrial network and stains live cells red. We and others have demonstrated that this vital dye does not interfere with cell viability (17) and that this dye can be used in conjunction with phagocytosis assays.
After PBMC extraction, 2 ϫ 10 6 cells were counted and washed with HBSS/1% FBS. Next, 100 nM dye was added to the washed PBMC pellet and incubated at 37°C for 1 h. After staining, cells were washed three times with HBSS/1% FBS and adjusted to a concentration of 2 ϫ 10 6 cells/ml. PBMCs stained with Mitotracker dye retained the stain for up to 48 h, with no visible change of the cells or decreased cell viability (assessed by trypan blue exclusion [data not shown]). These prestained cells were used for coculture experiments with C. albicans biofilms. For experiments involving PBMC/biofilm coculture, C. albicans cells were allowed to adhere to SE discs for 90 min at 37°C and then incubated with 2 ϫ 10 6 prestained PBMCs. This coculture system was then allowed to mature to a 48-h biofilm in 2 ml RPMI medium and 2 ml HBSS/1% FBS medium supplemented with 100 g/ml uridine. In these experiments, PBMCs stained with Mitotracker appeared red, while the GFP-tagged Candida cells appeared green under confocal scanning laser microscopy. Our studies revealed that staining of PBMCs with this dye did not affect the viability (and hence the functionality) of PBMCs.
Gamma irradiation of PBMCs. Gamma irradiation causes DNA damage to PBMCs, yet cells retain intact membrane proteins (3) . Irradiated cells are no longer proliferative and do not produce de novo protein but otherwise remain functional. Because the cell membrane and mitochondria remain intact, the cells retain the Mitotracker dye. These gamma-irradiated PBMCs are commonly used as feeder cells in propagating growth of immune cells in vitro (16, 36) . To study whether surface molecules on PBMCs affect the growth of C. albicans as biofilms, we irradiated PBMCs with 3,000 rads and then incubated them with C. albicans at the initiation of biofilm formation (adhesion phase). These biofilms were then allowed to grow to the mature phase as described above.
Scanning electron microscopy. The effect of coculturing C. albicans and PBMCs on the surface topography of a biofilm was investigated using SEM as described previously (7, 8) . Briefly, 2 ϫ 10 6 PBMCs were added at the adhesion phase of the C. albicans culture, and the whole mixed culture was allowed to form a biofilm. Following maturation for 48 h, biofilms were prepared for SEM. SE disks with mature biofilms were fixed with 2% glutaraldehyde, followed by fixing with osmium tetraoxide, tannic acid, and uranyl acetate. Planktonically grown C. albicans cells grown in the presence or absence of PBMCs were prepared for SEM analysis using the same methodology. This was followed by a series of ethanol dehydration steps, and the prepared samples were sputter coated with Au-Pd (60/40 ratio) and viewed with a model XL3C ESEM Philips microscope.
Confocal scanning laser microscopy. CSLM was used to evaluate the effect of PBMCs on the architecture and thickness of C. albicans biofilms. Biofilms were grown on SE discs in the presence or absence of PBMCs and placed on a 35-mm-diameter glass-bottom petri dish (MatTek Corp., Ashland, MA). To visualize Candida and PBMCs simultaneously, GFP-tagged Candida biofilm (GFP excitation wavelength, 488 nm; emission, 505-nm long-pass filter) and PBMCs prestained with Mitotracker Deep Red dye (excitation, 644 nm; emission, 665 nm) were used. The coculture was observed as described earlier (7) with a Zeiss LSM510 confocal scanning laser microscope equipped with argon and HeNe lasers and mounted on a Zeiss Axiovert100 M microscope (Carl Zeiss, Inc., Thornwood, NY). The objective used was a water immersion C-Apochromat lens (20ϫ). Depth measurements were taken at regular intervals across the width of the device. To determine the effect of Candida-PBMC interactions on the structure of the biofilms, a series of horizontal (xy) optical sections were taken throughout the full length of the biofilm. Confocal images of green (GFP) and red (Mitotracker dye) fluorescence were conceived simultaneously using a multitrack mode. Planktonically grown C. albicans cells were used as comparators in these studies.
Time-lapse laser microscopy. Time-lapse laser microscopy (TLLM) is a technique that can be used to capture real-time images of a single frame at specific time intervals, allowing temporal monitoring of the interactions occurring between Candida and PBMCs as biofilm matures. The images for the real-time interactions taking place between C. albicans biofilm and PBMCs were captured using TLLM. Subsequently, these captured images were combined in a time sequence, resulting in an animation depicting the sequence of events that occurred with the passage of time. Briefly, PBMCs were isolated and prestained with Mitotracker Deep Red 633 dye as described above and then added to the adhesion phase of GFP-tagged C. albicans. The discs with C. albicans and PBMCs were placed on a 35-mm-diameter glass-bottom petri dish (MatTek Corp., Ashland, MA). Then growth medium was added, and the whole petri dish was incubated at 37°C to allow the formation of biofilm in the presence of PBMCs. Images for this interaction were captured immediately from 0 h and followed for up to 44 h with a Zeiss LSM510 confocal scanning laser microscope. Confocal images of green and red fluorescence were conceived simultaneously using a multitrack mode as described above. To determine the structural changes in the maturing biofilm-PBMC coculture, a series of horizontal (xy) optical sections were obtained throughout the full length of the PBMC-associated biofilm.
Isolation of supernatants from C. albicans-PBMC cocultures. To determine whether a soluble factor was responsible for the biofilm-enhancing activity of PBMCs, we isolated supernatants from the PBMC-biofilm coculture growing under different conditions, as follows: For each condition, supernatant was collected after 48 h, centrifuged, and filter sterilized using 0.22-m-pore-size filters. The filtered supernatants were added to C. albicans biofilm at the adhesion phase, and the biofilm was allowed to grow for 24 h. One set was used as a control in which no supernatant was added. After 24 h, C. albicans biofilm formation was analyzed using CSLM and quantified by XTT assay as described previously (7). Determination of the cytokine profile of different supernatants. To determine whether growth in C. albicans biofilms induces a change in the cytokine profile of PBMCs, we measured the levels of different cytokines in biofilms formed in the presence or absence of PBMCs. As a comparator, we also evaluated the cytokine released by PBMCs when interacting with planktonically grown C. albicans cells. Briefly, 2 ϫ 10 6 PBMCs were added to C. albicans cells adhering to SE discs, and biofilm was allowed to form. Discs incubated with only PBMCs or only growth medium served as controls. After 48 h, supernatant was collected, centrifuged, and filter sterilized using 0.22-m filters. Human cytokine antibody arrays V and 5.1 (Ray Biotech, Inc., Norcross, GA) were used for the detection of multiple cytokines in these supernatants (18) (19) (20) (21) . Each membrane was placed in the eight-well tray and blocked with blocking buffer according to the manufacturer's instructions. The membrane was incubated with 2 ml of supernatant obtained from the biofilm or the planktonic Candida cells, followed by biotinconjugated anticytokine antibody treatment. Next, membranes were washed and incubated with horseradish peroxidase-conjugated streptavidin, and the signals were captured using a chemiluminescent phosphorimager (VersaDoc; Bio-Rad Laboratories, CA). Cytokine spots were quantified using a densitometer (VersaDoc; Bio-Rad Laboratories, CA), and relative values were calculated as percentages with respect to internal positive controls (used as 100%) from each cytokine array membrane.
Statistical analyses. Each experiment was performed three times on separate days. All statistical analyses were performed using StatView (version 4.5; Abacus Concepts Inc., Berkeley, CA). One-way analysis of variance was performed to compare means of multiple groups, and a two-tailed Student's t test was used for analysis of two groups. Results with a P value of less than 0.05 were considered statistically significant.
RESULTS
C. albicans forms hypha-rich biofilms in the presence of adherent PBMCs. Since C. albicans biofilms formed in the clinical setting on indwelling catheters are likely to be exposed to host immune cells, we hypothesized that immune cells (e.g., adherent PBMCs) will influence the ability of C. albicans to form biofilms. To test our hypothesis, we used SEM to visualize the surface topology of C. albicans biofilms formed in the presence of adherent PBMCs isolated from healthy volunteers. Our analyses showed that C. albicans formed hypha-rich biofilms in the presence of PBMCs, with very few monocytes visible on the surfaces of the biofilms (Fig. 1A) . High-magnification images revealed that the monocytes were intact and were localized close to the biofilm hyphae (Fig. 1A) . Furthermore, these monocytes/macrophages did not appear to phagocytose Candida cells. In contrast, PBMCs incubated with planktonic C. albicans for the same amount of time clearly demonstrate phagocytosis of the fungal cells (Fig. 1B) .
To determine the architecture and morphological composition and organization of live, hydrated biofilms, we used CSLM, which revealed few PBMCs in the top layers of biofilm (Fig. 1C) . Interestingly, the adherent PBMCs did not appear to have any phagocytosing processes extended into the Candida biofilm, in contrast to planktonic cells where phagocytosis was visible as indicated by green-stained Candida cells within the red-stained PBMCs (Fig. 1D) . Our findings show that the interactions between PBMCs and Candida differ depending on the growth form (biofilm versus planktonic) of this fungus. Importantly, these results demonstrated that staining of PBMCs with Mitotracker dye did not alter their functionality because prestained PBMCs were able to phagocytose planktonically grown Candida cells.
PBMCs induce enhanced biofilm formation by C. albicans and are localized to the basal layers. Since our SEM analyses revealed the presence of only a few PBMCs on the surface of the C. albicans biofilm, we hypothesized that the adherent PBMCs may have localized to the basal and middle layers of the biofilm. To test this hypothesis, we evaluated the architecture of biofilms using CSLM, which unlike SEM, can provide information about the three-dimensional localization of cells as well as their spatial arrangement (7). We performed CSLM analyses using GFP-tagged C. albicans and prestained PBMCs. Orthogonal analyses of the top layers of PBMC-containing fungal biofilms revealed the presence of profuse hypha-rich biofilms with very few PBMCs, confirming our observations from SEM analyses (Fig. 2A) . In contrast, orthogonal analyses of the basal and middle layers showed that PBMCs were present chiefly in these layers of C. albicans biofilm (Fig. 2B) . Biofilms formed in the presence of adherent PBMCs were significantly thicker than those formed in their absence (thickness, 426 Ϯ 11 m versus 190 Ϯ 17 m, respectively; P ϭ 0.0014) (Fig. 2) . These studies demonstrated that C. albicans formed enhanced and thicker biofilms in the presence of PBMCs and that these immune cells are localized in the basal and middle layers of biofilms.
Time-lapse microscopy reveals dynamic interactions between PBMCs and C. albicans during biofilm formation. To evaluate the real-time interactions between PBMCs and C. albicans biofilms that occur during biofilm formation, we used time-lapse video confocal microscopy. Images of a single area of the Candida biofilm-PBMC coculture were obtained beginning with biofilm adhesion and followed at regular intervals up to the mature phase at 48 h (see Video S1 in the supplemental material). Our time-lapse analyses revealed that PBMCs interact with C. albicans biofilms over time. Active PBMC migration/movement was observed within localized areas of the biofilm. In contrast to PBMCs cocultured with planktonic C. albicans, where phagocytosis was clearly evident, our analyses with C. albicans biofilms did not reveal any occurrence of phagocytosis, as evidenced by the lack of green-stained Candida elements within the red-stained PBMCs. Interestingly, by the time C. albicans biofilms reached the mature phase, Mitotracker Red-stained PBMCs appeared diffuse, suggesting an increase in the thick biofilm extracellular material embedding the PBMCs.
Proliferating PBMCs are needed to enhance biofilm formation by C. albicans. The above findings showed that C. albicans biofilm formation is increased in the presence of PBMCs. To examine whether this effect on Candida biofilms is mediated only by proliferating monocytes and whether cell surface molecules of PBMCs contribute to this activity, we determined the effect that gamma-irradiated PBMCs had on the ability of C. albicans to form biofilms. Gamma-irradiated PBMCs maintain intact cell membranes and associated cell surface molecules but have decreased de novo production of soluble factors and are commonly used as feeder cells in propagating the growth of immune cells in vitro (16, 36) . PBMCs prepared in this manner are viable but irreversibly inactivated (27) . We chose to use gamma irradiation as the method to treat PBMCs because this treatment will stop PBMC proliferation and maintain cell sur- 
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on October 15, 2017 by guest http://iai.asm.org/ face molecules while inhibiting de novo cytokines (or other soluble factors) from being produced. Our analyses revealed that following irradiation, the biofilm enhancement observed with nonirradiated PBMC-Candida mixed cultures was reversed, suggesting that the factor(s) produced by PBMCs contributes to biofilm augmentation and that gamma irradiation reversed the production of these required "factors." Furthermore, the C. albicans biofilms formed in the presence of actively proliferating PBMCs were significantly thicker than those formed in the presence of gamma-irradiated PBMCs (426 Ϯ 11 m versus 210 Ϯ 10 m, respectively; P ϭ 0.0002) ( Fig. 3B and C) . The thickness of the C. albicans biofilm formed in the presence of gamma-irradiated PBMCs was similar to that of the control C. albicans biofilms with no PBMCs ( Fig. 3A and C ; P Ͼ 0.05). To test the possibility that gamma irradiation may render PBMCs nonviable, we assessed cellular viability by trypan blue exclusion. We found that dye exclusion was not affected by gamma irradiation (data not shown), demonstrating that the PBMC membranes remained intact and functional. Taken together, these results showed that the biofilm-enhancing effect is dependent on proliferating, active PBMCs. Furthermore, because gamma-irradiated PBMCs retain intact cell surface molecules, our results also indicate that the formation of enhanced biofilm in the presence of PBMCs is not dependent upon interactions between PBMC surface proteins and C. albicans cells.
The biofilm-enhancing effect of PBMCs on C. albicans is mediated by a secretory factor(s). Since our studies showed that enhancement of C. albicans biofilm in the presence of PBMCs is not dependent on cell surface components of PBMCs, we hypothesized that this effect is mediated by an extracellular factor(s). To examine this hypothesis, we tested the ability of supernatants obtained under different culture conditions to influence C. albicans biofilm formation. We found that biofilms formed in the presence of supernatant obtained from C. albicans-PBMC biofilms had significantly higher metabolic activity than those formed in the presence of supernatant obtained from C. albicans biofilms grown in the absence of PBMCs (P ϭ 0.0013) ( Table 1) . Furthermore, biofilms formed in the presence of supernatant obtained from medium alone or from PBMCs alone were not significantly different from the biofilm formed in the presence of supernatant obtained from C. albicans grown alone (P Ͼ 0.18) ( Table  1) . CSLM analyses confirmed these findings and showed that biofilms formed by C. albicans in the presence of supernatant obtained from C. albicans-PBMC biofilm coculture contained profuse hyphal elements and were significantly thicker than , and (C) the presence of gamma-irradiated PBMCs (thickness, 210 m). As can be clearly seen, gamma-irradiated PBMCs were unable to enhance biofilm formation by C. albicans. All experiments were done in triplicate on separate days. Magnification, ϫ20.
FIG. 4. Enhancement of C. albicans biofilm in the presence of
PBMCs is mediated by a secretory extracellular factor(s). Supernatants (sup) were obtained from C. albicans biofilms (CA), C. albicans biofilms grown in the presence of PBMCs, medium only, PBMCs grown in monocyte-specific medium, and lipopolysaccharide-activated PBMCs. Supernatants were added to C. albicans at the adhesion phase of biofilm development, and the biofilms were allowed to develop to mature phase. Biofilm formations in the presence of different supernatants were evaluated by CSLM, and their thicknesses were determined. * , P Ͻ 0.05. All experiments were done in triplicate on separate days. those formed in the presence of supernatant from C. albicans biofilm grown alone (P ϭ 0.0013) (Fig. 4) . The thicknesses of biofilms formed in the presence of supernatant obtained from C. albicans biofilm formed alone were similar to those obtained from medium or from PBMCs grown alone (P Ͻ 0.05), demonstrating that the biofilm-enhancing activity was present only in the supernatant obtained from the coculture of C. albicans-PBMC biofilms.
Augmentation of Candida biofilm formation is specific to biofilm-activated PBMCs. To determine whether the biofilmenhancing effect of PBMCs is specifically associated with the activation of these immune cells by C. albicans biofilms, we tested whether PBMCs activated by a nonbiofilm source can also enhance biofilm formation. The activation method selected was exposure to LPS, a method which has previously been used to activate PBMCs (4, 40) . Adherent PBMCs were activated with LPS, and the ability of this LPS-induced PBMC supernatant to influence the ability of C. albicans to form biofilm was then determined. Our results showed that supernatant from LPS-activated PBMCs did not significantly alter C. albicans biofilm formation; however, there was a trend toward increased metabolic activity (Table 1) , as well as a slight increase in C. albicans biofilm thickness (P Ͼ 0.05 in each case; Fig. 4) . These results demonstrated that the biofilm-enhancing secretory factor(s) activity of PBMCs is specifically induced by C. albicans biofilms.
C. albicans biofilms induce differential production of cytokines and chemokines by PBMCs. Our studies revealed that the biofilm-enhancing activity of PBMCs involves a secretory factor(s). Since cytokines are common factors secreted by PBMCs, we tested whether supernatant obtained from a biofilm of cocultured PBMCs and C. albicans contained differential levels of specific cytokines, compared with those present in supernatant from PBMCs alone or from PBMC incubated with (Fig. 5D) . Interestingly, the level of proinflammatory cytokine IL-8 appeared unchanged in both of the supernatants (Table 2) . Next, we compared the cytokine profile of biofilm-PBMC supernatant with that obtained from planktonic-PBMC supernatant. Our studies revealed that IL-1␤, IL-10, and MCP-1 were significantly up-regulated in biofilm-PBMC supernatant compared to that in planktonic-PBMC supernatant (P ϭ 0.0067, 0.0015, and 0.023, respectively) (Fig. 6) . In contrast, IL-6 and MIP1␤ were down-regulated in supernatant obtained from PBMC-biofilm coculture compared to that obtained from planktonic-PBMC cocultures (P ϭ 0.013 and 0.008, respectively). These studies demonstrated that biofilms induce PBMCs to secrete differential levels of cytokines, with IL-1␤ as the cytokine most highly overexpressed. However, the link between these differentially expressed cytokines and the biofilm-enhancing activity of the PBMC-biofilm culture supernatant is not known.
DISCUSSION
In this study, we demonstrated that a coculture of C. albicans with PBMCs enhances the ability of this pathogen to form biofilms and that this activity is mediated by a soluble factor present in biofilm-PBMC coculture supernatant. Our observation that only supernatant obtained from biofilm-PBMC coculture enhanced biofilm formation, while supernatant obtained from LPS-activated PBMC did not exhibit this effect, clearly showed that this enhancing activity is biofilm specific. Dynamic interactions between PBMCs and fungal biofilm were also clearly evident from the real-time images obtained by time-lapse confocal microcopy.
An important finding in regard to the immunosuppressive effect of fungal biofilms was the lack of PBMC-mediated phagocytosis of fungal elements in biofilms. In contrast, and similar to findings from previous studies (28, 32, 44) , planktonically grown Candida cells were actively phagocytosed by immune cells. The immunoprotective effect of fungal biofilms observed in our studies is similar to that reported previously for bacterial biofilms (23, 26, 45, 46) . In this regard, Leid et al. (26) showed that the exopolysaccharide alginate protects Pseudomonas aeruginosa biofilm bacteria from gamma inter- FIG. 6 . Percentage levels of cytokines from PBMCs grown in the presence of C. albicans biofilms or planktonic cultures. Cytokine spots were quantified using a densitometer (VersaDoc; Bio-Rad, CA), and relative values were calculated as percentages with respect to internal positive controls (used as 100%) from each preprinted cytokine array membrane. These analyses revealed that IL-1␤, IL-10, and MCP-1 were significantly up-regulated in PBMCs incubated with Candida biofilms, compared to those incubated with planktonic Candida cells. In contrast, IL-6 and MIP-1␤ were down-regulated in PBMCs exposed to Candida biofilms, compared to those exposed to planktonic fungal cells. * , P value Ͻ 0.05. All experiments were done in triplicate on separate days. feron (IFN-␥)-mediated macrophage killing. In another study, Walker et al. (46) reported that bacterial biofilm formation is increased by 2-to 3.5-fold in the presence of neutrophils. Vuong et al. (45) showed that polysaccharide intercellular adhesin protects the common skin commensal Staphylococcus epidermidis against phagocytosis and killing by human polymorphonuclear leukocytes and major antibacterial peptides of human skin (e.g., human beta-defensin 3, LL-37, and dermcidin). In an earlier study, Jesaitis et al. (23) also showed that host defense mechanisms are compromised in the presence of P. aeruginosa biofilms. These investigators showed that neutrophils exposed to P. aeruginosa biofilms become phagocytically engorged, partially degranulated, immobilized, and rounded and also cause an increase in oxygen consumption of the system. As a result of these changes, the host defense becomes compromised as biofilm bacteria are able to ward off the effects of the immobilized neutrophils. To demonstrate that the PBMCs used in our assays that were prestained with Mitotracker dye did not exhibit any loss of functionality, we examined unstained PBMCs and demonstrated that (i) these unstained cells also resulted in biofilm enhancement, as shown by XTT assay and SEM analyses, and that (ii) prestained PBMCs were able to phagocytose planktonically grown C. albicans cells. In contrast to these studies, others have shown that immune cells can also produce components that inhibit biofilm formation. One example of such an inhibitory molecule is lactoferrin, a common secretory component of human neutrophils, which has been shown to inhibit P. aeruginosa biofilm production (37) . The role of lactoferrin in microbial biofilms has been suggested to be modulated by scavenging and protease-or oxygen radical-mediated degradation by P. aeruginosa and neutrophils (1, 2, 49 ).
An important characteristic of biofilms formed in the presence of immune cells was the asymmetric localization of these cells within the biofilm. We found that inside a biofilm, monocytes were localized mostly to the basal layers and were unable to escape the biofilm milieu. Heterogeneous bilayer architecture (basal yeast cells and top hyphal elements) is characteristic of fungal biofilms formed on catheter surfaces (7), and this architecture was retained even in the presence of monocytes. Whether this bilayer architecture of the biofilm dictates and influences the distribution of PBMCs within fungal biofilms is unknown.
Planktonically grown Candida cells can also induce timedependent differential expression of specific cytokines/chemokines from human monocytes (24) . Our studies showed that the supernatant from a biofilm-PBMC coculture is responsible for biofilm enhancement and that this supernatant contains increased levels of the proinflammatory cytokine IL-1␤ but decreased levels of IL-6, IL-10, MCP-1, I-309, TNF-ϰ, and the chemokine MIP1␤. The down-regulated cytokines included both proinflammatory (e.g., TNF-␣) as well as anti-inflammatory (e.g., IL-6 and IL-10) cytokines, suggesting that C. albicans biofilms and PBMCs undergo multiple interactions mediated by different cytokines. Differential production of cytokines by leukocytes in the presence of bacterial biofilms was also reported by Leid et al. (25) , who demonstrated that under conditions mimicking physiological shear, leukocytes can attach, penetrate, and produce cytokines in response to mature Staphylococcus aureus biofilm. van der Graaf et al. (42) showed that Candida blastoconidia stimulated large amounts of IFN-␥ production by human PBMCs or murine splenic lymphocytes, while Candida hyphae did not exhibit such stimulation. This response is similar to our findings, in which up-regulated hypha formation associated with mature biofilm formation did not result in any change in IFN-␥ level. Similar results were also reported for interactions between dendritic cells and C. albicans yeast and hyphae (13) and the role of C. albicans in the differentiation of monocytes to dendritic cells (41) .
As our results demonstrate, the cytokine profile of PBMCs following coculture with planktonic versus biofilm C. albicans was vastly different. Cytokines produced by PBMCs cocultured with planktonic C. albicans showed that IL-1␤, IL-10, and MCP-1 levels were significantly down-regulated compared to those produced by biofilm-PBMC coculture. Our results suggest that PBMCs elicit a strong inflammatory response when exposed to biofilm. However, concurrently, the induction of anti-inflammatory cytokines (e.g., IL-10), potentially via autoregulatory pathways, may contribute to the modulation of the inflammatory response. It is possible that biofilm formation may be a defense mechanism by which C. albicans protects itself against human immune cells such as monocytes.
In conclusion, this is the first report that has investigated the interactions between C. albicans biofilm and host immune cells. We showed that live PBMCs enhance the biofilm-forming ability of C. albicans and that this enhancing activity is dependent on proliferating PBMCs and is mediated by a soluble factor(s) present in the biofilm-PBMC coculture supernatant. Characterization of the soluble factor and testing its activity in vivo may lead to the identification of biomolecules regulating interactions of C. albicans biofilms with host immune cells and may help develop novel strategies to manage and treat biofilm-related infections.
